Abstract| This autonomous biped walking control system is based on the reactive force interaction at the foothold.
I. Introduction
A NUMBER OF biped walking systems have been proposed in the previous works [1] { [12] . Since the reactive force and torque on the foothold depend on its complicated characteristics, the relation between the input torque of the actuator and the reactive force and torque is hard to solve. Thus the conventional control systems calculate trajectories of joint angle or joint torque so as to approximately satisfy the stable contact condition [1] { [3] . The approximation, however, yields lack of walking robustness. The whole dynamic equation of the robot and the contact condition is considered to generate joints references in [3] , but it is o-line type planning due to the complexity of dynamics of the biped robot.
In this paper, a new hierarchical control system based on the reactive force control on the foothold and the force distribution system is proposed in order to improve the walking robustness, in which the physical constraints of the contact force on the foothold are precisely considered. With a new algorithm of the foot placement, an on-line controlled autonomous biped locomotion is realized. Also, the precise 3D dynamic simulator with the environmental interaction is proposed to investigate the control scheme.
II. Modeling
A legged robot is modeled as a free-fall manipulator which has no xed-point but has interaction to the ground. A dynamics of a free-falling manipulator is formulated by introducing the variables representing position and attitude of a base-link. Let To control a legged robot (4){(7), we must consider physical constraints on the foothold directly or indirectly. In this paper, a hierarchical control system with a direct and real-time method is proposed, which realizes the robust contact of the foothold and the stable biped locomotion. Fig. 2 shows the proposed hierarchical system. The lower layer of the system consists of a workspace position controller and a robust reactive force controller. 
A. Posture Controller
In a case of a biped robot, u E , the external force on the generalized coordinates, is expressed as follows. Here, [a2] denotes a matrix representing a cross product, and I n denotes an n 2 n identity matrix.
While there is no actuated control input for the position and the attitude of the body, i. e., f B = n B = 0, those of the body are still controllable by using the reactive force and torque (f R , f L , n R , n L ) as indirect control inputs. To use the reactive force and torque as indirect control inputs, the hybrid position/force control is applied to each leg. If the leg is in the support phase, the force control is activated. Otherwise the position control becomes active. The workspace position control system consists of the inertia uctuation insensitive servo control [14] and the inverse kinematics by the Newton method. The force controller is applied as the upper layer of the position controller [15] . (See Fig. 2) Then the posture control system is applied as a supervisory control to the reactive force controller. The objective is to make the center of mass (COM) attitude of the body converge to its given reference trajectories. The parallel motion of the COM of the robot and the rotational motion of the body can be modeled from the rst 6 rows of (7) and (8) as follows. [16] .
The contact force and torque are, however, physically limited to the repulsive condition, the friction condition, and zero moment point (ZMP) condition. Thus the ideal forceũ 3 E is not always realized by the reactive force/torque f A . We need to consider the following physical condi- (18) jn Rz j 0 f Rz jn Lz j 0 f Lz (19) where and 0 denote friction coecients. It is possible to break out slips at the contact points when the equality in the (18){ (19) is realized.
The tangent component of the reactive torque at the center of the foot on the ground plane is also limited due to niteness of the contact area. (u E 0 u 3 E ) T C 1 (u E 0 u 3 E ) (22) 
The index J main corresponds to the square error between the ideal force/torque and the realizable ones. The index J sub corresponds to the square error between the force and torque of the left foot and those of the right one. The reactive force and torque input f A is determined by the quadratic programming, which minimizes the performance index under the linearized constraints of (17) 3   7  7  7  7  7  7  7  7  7  7  7  7  7  7  7  7  7  5 (29) and is a small positive real number.
The main performance index J main approaches the solution to the ideal force and torque u 3 c given by the state feedback. The sub performance index J sub distributes the inner force and torque to the both foot in balance. Because is very small, the sub performance index has almost no inuence on the main performance index. The constrained (25) acts as a kind of a limiter in multi-input systems.
The optimization problem (24) and (25) are equivalent to the following quadratic programming problem. 
B. Free-leg Trajectory Planner
Owing to the posture controller with the environmental interaction mentioned above, the on-line type autonomous walking control system can be realized as follows.
The posture controller mentioned above stabilizes the robot in the single and double support phases but does not realize the global locomotion. In order to achieve a stable walking, the foot must be periodically landed at adequate point. In this section, the tracking control of the COM by planning the land point of the foot is described.
The dynamics of the COM of the robot behaves like an inverted pendulum with the posture controller, i. e., The movement of the free-leg must just begin at one step period in advance. Thus the augmented system including one step period delay is considered The global system conguration is shown in Fig. 2 .
IV. New Simulation Scheme
This section describes a new simulation method of multi-degree-of-freedom mechanical systems with the timedependent contact and the Coulomb friction, such as a legged robot interacting with a ground, a satellite-mounted manipulator catching an object, etc. The proposed method is the extension of the open link manipulator simulation [20] and the contact simulation of rigid body mechanics [21] . The proposed simulation model is mathematically exact, thus this simulator enables the essential investigation for control algorithms of the mechanical systems.
A. Numerical Integration
It is easy to simulate the dynamic motion of a legged robot (4){(7) numerically by integrating _ v and v on each time step after solving (7) for the acceleration _ v given x, v, u, and u E . In a case of the Euler integration, we have p B (t + h) = p B (t) + hv B (t) (45)
A B (t + h) = T (h! B (t))A B (t) (46) (t + h) = (t) + h!(t) (47) v(t + h) = v(t) + hH(x(t)) 01 [u(t) +u E (x(t); v(t)) 0 b(x(t); v(t))] (48) where biasing vector b(x(t); v(t)) = C(x(t); v(t))v(t) + g(x(t)), and h is the time-step. T (h! B ) acts as a rotational
transformer around ! B axis with angle hj! B j. (See [18] and H(x) and b(x; v) can be obtained by the inverse dynamics calculation using the Newton-Euler formulation, i. e., given x, v, and _ v solve for u. In fact, H(x) can be calculated by solving inverse dynamics with setting x to the current state, _ v = e j , and ignoring centrifugal forces, Corioli's forces, gravity eects, and external forces [20] . Here, 
B. Inverse Dynamics
The inverse dynamics can be calculated by following recursive equations. The formulation is based on the algo- rithm in [19] , but several points are dierent. In the proposed method, 1) there is no xed point in the robotic system and the base-link is movable, and 2) the expression of the link-xed coordinates is modied to deal with branching links. 5 .) The gravity eect g is considered in (51).
Then, f i and n i , the force and moment exerted on link i by inner link i can be calculated as follows. 
C. Constrained Force
In order to support the biped robot on the ground, the appropriate reactive forces from the ground should be determined at each time step in the simulation. In general, springs and dampers model at the contact points are introduced as a collision models. That simulation model, however, requires more shorter time step than the mechanical system itself does. Therefore we introduce a collision model based on a mathematical programming, which is the extension of the plastic collision model [21] and can deal with the three dimensional contact and arbitrary repulsion between plasticity and elasticity. In addition, a motion with the continuous collision behaves an exact ideal constrained motion.
In general, the external force on the generalized coordinates u E in (7) is expressed by all external forces on contact points as follows.
where M A represents a set of index numbers of active contact points. f Ex and f Ey consist of tangent components of all active contact forces. Also f Ez consists of normal components of all active contact forces. K x , K y , and K z correspond to those transformers. The dimensions of K and f E are depend on the number of the contact points which is time-variant. In advance, K can be obtained by solving the inverse dynamics mentioned above with setting x to the current state, f E = e j , _ v = 0, and ignoring gravity, centrifugal, and Corioli's eects.
When the external impulsive force 1f (= f E 1t) are imposed in the system (7) The plastic collision is dened as the energy minimization with given conditions [21] which yield a quadratic programming (QP) problem. In this paper, the model is expanded to the following problem to deal with three dimensional contact and arbitrary repulsion between plasticity and elasticity. The proposed control is applied to 20 axes human-type biped robot and is investigated by the proposed precise 3D dynamic simulator. The parameters of the robot is shown in Table II The QP is solved by the algorithm in [22] .
The snapshots of the simulation is shown in Fig. 7 . The initial movement of COM is nished between [0, 1]. After that, the walking motion starts. Fig. 8 shows the trajectory of zero moment point (ZMP). Fig. 9 shows the response of COM with the reference trajectory, in which the tracking error converges to zero. From the magnied gures (c) and (d), the COM follows the inverted pendulum model even among the stepping period.
The walking motion becomes more robust when the yaw axis moment is compensated by the arm swing motion [17] . VI. Conclusions In this paper the following hierarchical control system is proposed. 1) a posture controller which consider the physical constraints of the reactive force/torque on the foot by quadratic programming. 2) a real-time COM tracking controller by the foot placement with a discrete inverted pendulum model. 3) a three dimensional dynamic simulation scheme with precise contact with the environment.
When The proposed control system is applied to the 20 axes simulation model, the stable biped locomotion with a velocity 0.25 m/sec and a stepping time 0.5 sec/step is realized. 
